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ABSTRACT. Introduction of a fifth carboxylate into

the ligand array of the CD site (via the combined

S55D and E59D mutations) or the EF site (G98D) ofagtarvalbumin substantially increases divalent
ion affinity. This behavior, in conflict with that seen in model peptide systems, agrees with existing data
for rat S-parvalbumin [Henzl et al. (199@iochemistry 355856-5869]. The complete analysis of the
S55D/E59D double variant necessitated characterizatiom B69D. Whereas the D59E mutation has
minimal influence orp CD site affinity, E59D has a major impact on theCD site, lowering the apparent
association constant by a factor of 14. The thermodynamic consequences of exchanging P eatd

EF site ligand arrays, which differ at thiez and —x coordination positions, were also examined. When
the a CD array is imported into the EF site, it acquires a low-affinity phenotype, in agreement with
previous findings fop [Henzl et al. (1998Biochemistry 379101-9111]. However, when the EF ligand
array is introduced into the CD binding loop, it retains a high-affinity signature. This result, contrary

to that observed i3, suggests that the influence of the parvalbumin CD site environment supersedes the
intrinsic behavior of the ligand array, a conclusion further supported by the disparate impact/bf the

D59E ando. E59D mutations.

Oscillating cytosolic C& levels regulate numerous bio-

logical processes, achieving specificity through location,

amplitude, duration, and frequency)(These C& signals
are a product of numerous metal toprotein interactions
involving ion channels, ATP-driven Gapumps, and Ca-

binding proteins. Thus, a detailed appreciation of the

underlying metal ior-protein interactions is vital to our
understanding of Ca signaling.

“EF-hand” proteins were the first intracellular €a
binding proteins identified and characteriz@d3). The EF-
hand motif consists of a central metal ion-binding loop

the corresponding values for low-affinity sites aré-100°

and <1C® ML After more than 2 decades of inquiry, the
structural basis for these variations is incompletely under-
stood (for reviews, see retsand®6).

Parvalbumins are smal\{; 12000), vertebrate-specific EF-
hand proteins believed to function as?Cauffers (7, 8).
Containing two C&'-binding sites, known as the CD and
EF sites} the parvalbumin (PV) molecule (Figure 1A) has
long been a popular system for investigating structure
function relationships in EF-hand proteins. Beginning with
the X-ray crystallographic structure of carp parvalbumio),(

flanked by short helical elements. The liganding residues, \yhjch established the EF-hand structural paradigm, biophysi-
positioned at the approximate vertices of an octahedron, arécq| characterization of this protein family has contributed

referenced by Cartesian axes. The side chains of 100pgjgnificantly to our knowledge of EF-hand structerfinity

residues 1, 3, 5, and 12 contribute the, +y, +z, and—z
ligands, respectively. A backbone carbonyl serves as-the
ligand, and a water molecule commonly occupies the
position. The C& coordination geometry is in fact pen-
tagonal bipyramidal, due to bidentate ligation by the
carboxylate.

Certain EF-hand proteins serve as Gdependent regula-
tory proteins and others as cytosolic?Cauffers. Mirroring
this functional diversity, EF-hand proteins exhibit large
variations in metal ion-binding properties. Measured'ca

correlations.

The PV family includesx andj sublineagesi(l, 12). a
andp isoforms can be distinguished on the basis of isoelectric
point (3 < 5), C-terminal helix length (generally one residue
longer fora), and lineage-specific residues (e.g., Cys-18 in
B). The mammalian genome encodes one isoform from each
lineage (3).

1 Abbreviations: CD site, parvalbumin metal ion-binding site flanked

b|nd|ng ConstantS, for examp|e, span 4 orders of magnitudeby the C and D helical segments; DSC, differential Scanning calorim-

(4). Whereas high-affinity sites display €a and Mg*-
binding constants exceeding”l&nd 16 M1, respectively,
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etry; EDTA, ethylenediaminetetraacetic acid; EF site, parvalbumin metal
ion-binding site flanked by the E and F helical segments; EGTA,
ethylene glycol bigt-aminoethyl etherN,N,N',N'-tetraacetic acid;
FAAS, flame atomic absorption spectrometry; Hepes, 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid; ITC, isothermal titration calo-
rimetry; NLLS, nonlinear least squares; NTA, nitrilotriacetic acid; P
phosphate; PV, parvalbumin; RLC, myosin regulatory light chain;
SDS-PAGE, sodium dodecyl sulfatgolyacrylamide gel electro-
phoresis.
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Ficure 1: (A) Parvalbumin tertiary structure. Ribbon diagram for
rat 3, emphasizing the two-domain structure. The AB domain is
shown in green, the CD site in orange, and the EF site in red.
Produced with the atomic coordinates from 8e{B) Amino acid
sequences of the CD and EF binding loops in cat and
pB-parvalbumins. Nonidentities are shown in boldface type. The
sequence data are from relf and 20, respectively.

Sequence data for the CD and EF sites of aatand
fB-parvalbumin are compared in Figure 1B. With the excep-
tion of the —x position in the CD site, the coordinating

residues are identical in the two proteins. Nevertheless, they

Henzl et al.

interchanged 7). The combined S55D/D59G mutations,
within the CD site, create a version of the protein having, in
effect, two EF site ligand arrays. Interestingly, these muta-
tions have little impact on the apparent?Caffinity of the

CD site, the engineered CD site exhibiting 2Caaffinity
comparable to the wild-typgé CD site. The combined D94S/
G98D mutations, within the EF site, create a protein having
two CD-like ligand arrays. Interestingly, the quasi-CD site
resulting from these mutations displays markedly reduced
affinity for Ca*.

Because the rgt-parvalbumin isoform has an unusually
high net charge (approximatetyl5) and atypical divalent
ion-binding properties, it was of interest to examine the
pentacarboxylate and site-interconversion mutations in a
more typical parvalbumin background. The ratisoform
was a logical choice for this study, given its lower net charge
(approximately—5) and much higher divalent ion affinity.

MATERIALS AND METHODS

Protein Purification.Site-specific variants of rat andp
were expressed irEscherichia coliand isolated using
procedures described previously for the wild-type proteins
(17, 28). Concentrations were determined spectrophotometri-
cally, employing molar extinction coefficients of 1600 M
cmt for a and 3260 M! cm! for 5. The absence of
tryptophan inf, and both tyrosine and tryptophan i
permits a spectrophotometric evaluation of homogeneity.
Assuming an average mass extinction coefficient of 0.5'cm
(mg/mL)™* at 292 nm for tryptophan, the purity of all
preparations exceeded 98%. The absence of proteolytic
degradation was confirmed by SBSAGE.

Site-specific mutations were introduced by oligonucle-

exhibit very distinct metal ion-binding properties. Whereas Otide-directed mutagenesis, using either the Transformer

the o CD and EF sites behave equivalently in divalent ion-
binding assays, displaying a high-affinity phenotypjd-{
16), the two sites irf are decidedly nonequivalent. Although
the EF site is a typical high-affinity site, the CD site exhibits
a low-affinity signature 17, 18). This disparity in metal ion-

(Clontech) or Quik-Change (Stratagene) kit. Each variant was
sequenced to verify the fidelity of the PV coding regions.
Ca&**-Binding AssaysDivalent metal ions were removed
from the proteins and buffers, prior to analysis, by EDTA
agarose chromatography af@. The chelating matrix was

binding behavior, in proteins exhibiting 49% overall sequence Prepared by carbodiimide-promoted coupling o,ERTA

identity, provides a useful system for examining the influence
of protein architecture on divalent ion affinity.

In EF-hand peptide analogues,“Caffinity is maximal
in sites containing four carboxylate ligands positioned along
the +x, —x and +z, —z axes 1—24). Addition of a fifth
carboxylate lowers metal ion affinity, presumably due to
increased interligand repulsiog5). However, introduction
of a fifth carboxylate ligand into either binding site in yat
significantly raises CA affinity in the mutated site26). In

to (aminohexyl)agarose at pH 6.0, as described elsewhere
(29). The C&*-binding capacity of the resulting material is
25—30umol/mL of gel. Typically, -2 mL of resin is used
for each milligram of protein loaded, and elution is performed
at 0.5 mL/min. In every case, the residual?Ca&ontent
following this treatment, measured by flame atomic absorp-
tion, was less than 0.02 molar equiv.

45Ca* flow dialysis 30) was used to measure theCa
affinities of o S55D,0. S55D/E59G o D94S/G98D o D94S/

the CD site, replacement of Ser-55 by aspartate (S55D)G98E, ands G98E. To facilitate comparison with results

increases the apparent £ainding constant for that site
from 1.5 x 10°to 1.6 x 10’ M~L. Replacement of Gly-98

previously published for raf (17, 26, 27), the data were
collected in 0.15 M NaCl and 0.025 M HepeNaOH, pH

in the EF site by aspartate (G98D) increases the apparenf7.4. Nonlinear least-squares analyses were performed with

binding constant from 2.% 10" to 2.5x 10°* M. Because
these mutations add a potential fifth carboxylate to the
coordination sphere of the bound metal ion, the resulting

proteins are referred to as “pentacarboxylate” variants. The
various ligand constellations discussed in this paper are

depicted schematically in Figure 2.
As part of an inquiry into the nonequivalence of @V
CD and EF sites, “site-interconversion” variants were also

Origin v.5.0 (OriginLab), fitting the data to a two-site Adair
equation:
K,[Ca™"] + 2K K,[Ca™"]?

X =
1+ K,[Ca®"] + KK, [Ca®"]?

(1)

whereX is the number of equivalents of €abound andK;

produced, in which the CD and EF ligand arrays had been andK; are the two macroscopic association constants.
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Ficure 2: Ligand arrays from wild-type and pentacarboxylate sites. Solid cir@gsiénote carboxylate oxygen atoms; the open circles
(O) denote the serine hydroxyl; w indicates a water molecule. (A) The CD site from wild-tygeRst (B) the CD site from wild-type
rat a; (C) ligand array for the CD site in eithg¢r S55D oro. S55D/E59D or the EF site in G98D(or 5); (D) the EF site from either
wild-type o or 3; (E) ligand array in either the CD site of S55D or the EF site of G98Ex(or j3).

The C&"- and Mg -binding affinities ofa. S55D/E59D of the proteins were heated, cooled, and then reheated. In
ando. G98D were determined by global analysis of ITC data every case, an endotherm was observed on the rescan,
in 0.15 M NaCl and 0.025 M Hepes, pH 7.4. Titrations were comparable in area to the original.
conducted with C#, with Mg?*, with C&" in the presence DSC data analysis was performed with CpCalc v.2.1
of fixed levels of Mg", with C&* in the presence of EDTA,  (Applied Thermodynamics), and the reported uncertainties
with C&" in the presence of EGTA, and with Mgin the in T, and AHgq reflect the standard deviations for at least
presence of EDTA. The resulting composite data set wasthree determinations.
subjected to NLLS analysis, evaluating parameter uncertain- The ensuing discussion contains references to both mi-
ties by Monte Carlo analysis, as described elsewh&te ( croscopic ki, k) and macroscopicK(, K;) Ca*-binding

The C&*-binding properties oft G98E andx. E59D were constants. Whereas microscopic (or site-specific) constants
determined by global ITC analysis, using abbreviated reflect the affinities of discrete binding sites, macroscopic
protocols. Thea E59D study included a titration in the constants reflect the average affinities associated with the
presence of 10 mM citrate. The €abinding constant for  binding events. In the absence of positive cooperativity, the
citrate (1670 M%) was estimated from the decrease in EDTA macroscopic constants are mathematically related to the
Cat affinity observed in the presence of citrate. The apparent microscopic binding constants as follows:
enthalpy of C&" binding for citrate is very small, under the

chosen solution conditions, and was included as an adjustable Ki=k +k, K,=kkj(k +k) 2
parameter in the global fit. The €aaffinity of 5 D94S/
G98E was estimated from single ITC experiments. Conversely, given values fdf; andK», the apparent values

All of the variant proteins were studied at 26, with the of k; andk, are equal to
exception ofa S55D/E59D ando. G98D. As discussed

elsewhere 31), the latter are partially unfolded at 2&, a 2
consequence of their low conformational stabilities. To k — K+ K™ = 4KK,
eliminate this complication, the divalent ion affinities of 1 2
S55D/E59D andx G98D were measured at’&.
Where data are available for both methods, flow-dialysis K, — K12 — 4K,K,
and ITC-based analyses yield comparable estimates of the k, = > )

binding constants3{, 32).

Calorimetry.lsothermal titration calorimetry (ITC) experi- RESULTS
ments were performed at 2%, either with a Model 4209
isothermal titration calorimeter from Calorimetry Sciences  Pentacarboxylate Variantdn the following paragraphs,
Corp. (CSC) or with a VP-ITC (MicroCal). Data collected thermal stability and Ca-binding data are presented for the
with the CSC calorimeter were analyzed with BindWorks S55D, S55D/E59D, G98D, and G98E variants ofaadnd
v.1.0 (Applied Thermodynamics), supplying estimates of the for the G98E variant of rg. These data are summarized in
binding constants determined by flow dialysis. Origin v.5.0 Tables 1 and 2, respectively. Ffgbinding constants are also
was used for integration of the raw VP-ITC data and for reported foroo S55D/E59D andx G98D and are listed in
analysis of individual titrations, using the curve-fitting Table 3. The analysis of the S55D mutatiori$55D/E59D
modules supplied with the instrument. necessitated production and characterization obttE59D

Differential scanning calorimetry (DSC) was performed variant, and the properties of S55D/E59D are discussed
in a modified Nano DSC calorimeter (Calorimetry Sciences with respect to both wild-type. anda E59D.
Corp.), equipped with cylindrical sample cells (0.32 mL Intrinsic Thermal Stability.The relative conformational
active volume). Prior to analysis, samples were dialyzed to stabilities of the various proteins were examined by DSC.
equilibrium against 0.20 M NaCl, 0.010 M sodium phos- Representative scans are presented in Figure 3A for the E59D
phate, and 0.005 M EDTA, pH 7.4. An aliquot of the dialysis (<), S55D (), S55D/E59D 4), G98D (©), and G98E Y)
reservoir served as the reference buffer. A scan rate of 1.0variants of rata, along with data for the wild-type protein
deg/min was employed for all experiments. To confirm that (®). Data for the relevant variants, D59E ¢), S55D (1),
the thermal denaturation events were thermodynamically G98D (©), and G98E ¥), and wild type ®) are presented
reversible under the chosen experimental conditions, samplesn Figure 3C.
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Table 1: Relative Stabilities of Rat- and -Parvalbumin Variants

AATm AAGeonf AATm AAGeonf

protein Tm? (°C) (°C) (kcal/mol) protein Tm (°C) (°C) (kcal/mol)
wt rato® 45.8 (0.2) wt rap3© 53.6 (0.2)
o S55D 34.6 (0.3) -11.2 —-2.2 /3 S55D 49.3 (0.2) —-43 -1.0
o E59D 49.8 (0.2) 4.0 0.8 / D59E 54.8 (0.2) 1.2 0.3
o S55D/E59D 37.3(0.3) -85 -1.7
o G98D 43.2(0.2) —2.6 -0.5 S G98D 51.8(0.2) -1.8 -0.4
o G98E 32.4 (0.3) —-13.4 2.7 B G98E 48.8 (0.2) —-4.8 -1.1
o S55D/E59G 41.6 (0.2) —4.2 -0.8 / S55D/D59G 51.3(0.2) -2.3 -0.5
o D94S/G98D 51.2 (0.4) 5.4 11  D94S/G98D 55.0 (0.2) 14 0.3
o D94S/G98E 42.5(0.3) -33 —0.6 / D94S/G98E 52.4(0.2) -1.2 -0.3

a Uncertainties are given in parenthese$he alteration in the free energy change accompanying denaturation, calculated fedAiRthealues,
using eq 4° Reference38.

Table 2: Summary of the €&Binding Properties for thet and 3 Pentacarboxylate and Site-Interconversion Variants

temp AH]_ AHZ AGCaa AHCab _TA&ab AAGCa AAHCa _TAAS;a
protein °C) Ki(M7 (kcal/mol)  Ky(M™1)  (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

rata-PVe 25 2.5(0.2)x 10° —1.3(0.1) 6.2(0.2)x 10’ —4.3(0.1) —22.0 —5.6 —-16.4

rato-PVe 5 2.6(0.2)x 1® —1.4(0.1) 6.4(0.2)x 10/ —4.0(0.1) —20.5 -55 —15.1

o S55D 25 2.1(0.2x 10® —6.3(0.3) 5.0(0.2) 10’ —2.4(0.2) —21.8 -8.7 —-13.1 0.2 -3.1 3.3
a E59D 25 1.2(0.1x 10®° —4.5(0.1) 7.8(0.3% 1¢* —1.6(0.1) —20.3 —6.1 —14.2 1.7 —-0.5 2.2
o S55D/E590 5 1.9(0.3)x 10° —4.8(0.2) 2.5(0.4x 10° —4.4(0.2) —24.0 -9.2 —14.8 -2.0 -3.6 1.6
a G98D 5 1.2(0.2x 10° —4.6(0.1) 7.7(0.2x 10° —2.6(0.1) —23.1 -72  —159 -1.1 -1.6 0.5
o G98E 25 4.4(0.3x 10® —15.6(0.2) 5.3(1.0x 10’ —1.3(0.2) —22.2 —16.9 -5.3 -0.2 -11.3 111
o S55D/E59G 25 2.4(0.2x 16¢ —3.8(0.2) 2.9(0.2x 10’ —2.3(0.2) —21.5 —6.1 —-15.4 0.5 -0.5 1.0
a D94S/G98D 25 9.7(0.2x 107 —2.8(0.1) 4.4(0.1x 106 1.7(0.1) —18.5 -1.1 -174 3.5 45 —1.0
o D94S/G98E 25 5.5(0.2x 10° —2.1(0.1) 4.7(2.0x 10° 1.4(0.1) -—18.2 -0.7 -17.5 3.8 4.9 -1.1
ratS-Pve 25 2.4(0.1)x 10 —4.1(0.1) 1.4(0.1x 10° —3.5(0.1) —18.4 -76  -10.8

p S550¢ 25 5.3(0.1)x 10" —6.7(0.1) 1.1(0.1x 10’ —2.4(0.1) —20.1 -9.1 -11.0 -1.7 -15 -0.2
S D59E 25 2.6(0.1)x 10’ —5.8(0.1) 1.7(0.1x 10° —1.1(0.1) —18.5 -69 -116 -0.1 0.7 -0.8
p G98D? 25 2.5(0.2)x 10° ¥ —4.0(0.1) 1.2(0.1x 10° —3.4(0.1) —19.7 -7.4 —-12.3 -1.3 0.2 —-15
S G98E 25 5.9(0.1x 10/ —7.0(0.2) 1.1(0.1x 10° —2.1(0.2) —18.7 -9.1 -9.6 -0.3 -15 1.2
B S55D/D59@ 25 2.3(0.1)x 10/ —5.1(0.1) 1.3(0.1x 1¢° —0.3(0.3) —18.3 —5.4 —-12.9 0.1 2.2 2.1
/ D94S/G98D 25 4.3(0.1)x 10° —2.8(0.1) 3.2(0.1x 1¢® —0.8(0.1) —16.5 -3.6 -12.9 1.9 4.0 2.1
B D94S/GO98E 25 1.1(0.1y 1¢ —2.8(0.1) 3.1(0.1x 1> 1.8(0.1) —15.7 -1.0 —14.7 2.7 6.6 -39

aTotal apparent standard free energy of Chinding, calculated with the relationshifG = —RT In(K1Ky). ? Calculated with the relationship
AG = AH — TAS ¢ Reference32. 9 Reference3l. ¢ Reference26. f Referencel7. 9 Reference?7.

Table 3: Mg"-Binding Behavior of thex and Pentacarboxylate Variants

temp AHiy AHow  AGmg  AHu® —TASu® AAGwg AAHwg —TAASy,

protein (°C) KM  (kcal/mol) Kau(M™Y)  (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
rata-PVe 5 1.8(0.1)x 10¢ 7.8(0.1) 4.3(0.2x 18 1.6(0.1)  —10.0 9.4 -19.4
o S55D/E590 5 2.7(0.4)x 1C° 3.1(0.1)  1.9(0.3% 10* 4.3(0.1) —-12.3 7.4 —19.7 -23 —-2.0 -0.3
o G98D 5 3.1(0.2)x 10* 4.9(0.1) 3.3(0.2) 10° 4.8(0.1) —10.2 9.7 —19.9 -0.2 0.3 -0.5
rat3-PVd 25 9.4(0.3)x 1C° 3.0(0.1) 1.6(0.2)x 1(? 4.2(0.2) —-8.4 7.2 —15.6
p S550¢ 25 45x 10¢ nd 8.3x 1¢° nd —-11.6 -3.2
B G98D® 25 8.0x 10° nd 2.6x 107 nd —8.6 -0.2

aTotal apparent standard free energy ofginding, calculated with the relationshigG = —RT In(K;K3).  Calculated with the relationship
AG = AH — TAS ¢ Reference32. ¢ Reference31. ¢ Reference26.

Introduction of a potential fifth carboxylate ligand into The identity of this residue has a differential impact on the
the coordination sphere destabilizes thé'Efaee proteins. stabilities ofa. andf. The D59E mutation modestly increases
In a, G98E has the greatest impacAT, = —13.4), the stability off, raising theT, by 1.2 deg. By contrast, the
followed by S55D AT, = —11.2), then S55D/E59DAT, converse mutation in E59D, raises the melting temperature
= —8.5°), and G98D ATy, = —2.6°). The corresponding by 4.0 deg.
variants exhibit the same pattern of destabilization: G98E Assuming that the change in heat capacity upon denatur-

(ATm = —4.8°) > S55D ATy = —4.3) > G98D (ATn = ation for the variant proteins is comparable to that of the
_hl'8°)' However, theATm values are significantly larger for 4 tyne protein, the alteration in conformational stability
the a. series. (AAGeon) resulting from each mutation can be estimated

The_ mpst obvious difference in the @acqqrdmanon from the shift in melting temperature, using this approxima-
chemistries of ratt and occurs at the-x position in the

CD site. Whereas residue 59 is glutamatedrit is aspartate tion:

in 3. Prior to the cloning of the proteins, there was AT AH

speculation that this single difference was primarily respon- AAG, = —md (4)
sible for the attenuated divalent ion affinity of tHeCD site. T
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Ficure 3: Differential scanning calorimetry analyses. (A) Rapentacarboxylate variants: wild-type(®), G98D ©), S55D (1), S55D/
E59D (a), G98E (), and E59D ¢). (B) Rata site-interconversion variants: wild-type (@), S55D/E59G ©), D94S/G98D [0), and
D94S/G98E 4). (C) Rats pentacarboxylate variants: wild-tyge(®), G98D (©), S55D (1), G98E (), and D59E ¢). (D) Ratp site-
interconversion variants: wild-typg (@), S55D/D59G ©), D94S/G98D [1), and D94S/G98E A). Protein concentrations for these

experiments ranged between 4 and 7 mg/mL.
conf F
A ﬁ
1 .:-:I 2

Ca

where T, and AHq4 are the melting temperature and dena-
turational enthalpy for the wild-type protein and, is the
change in melting temperature resulting from the mutation
(33). BecauseAG.qs represents the free energy change
accompanying denaturation, positive values AAGgons
correspond to stabilization of the native state, and negative
values correspond to destabilization. The calcul&A@ ¢
values are listed in Table 1 and plotted in Figure 4A. As
discussed belowy S55D/E59D,00 G98D, 5 S55D, andj
G98D exhibit substantial increases in*Caffinity. Signifi-
cantly, the Cé'-free states of these four proteins suffer
perceptible decreases in conformational stability. Conversely,
o E59D exhibits decreased €aaffinity and a significant
increase iNAGeont.

Cat affinitieswere measured at pH 7.4 in Hepes-buffered
NaCl. The binding constants for several of the proteins
discussed in this paper were determined by flow dialysis.
Representative binding curves, and the optimal NLLS fits,
are displayed forw S55D (Figure 5A@) and for3 G98E

kcal/mol

P = = oy ' ' ' '
N © MNONNOSE O D N o N BAON = O =
S

Ak o mggan

- TAAS 2

(Figure 5B, ®). o 0009wy

The C&" affinities of o S55D/E59D anax G98D proved SE L3888 U883 30
too high to unambiguously measure by flow dialysis and H’; R 2 § 9228332353
were determined instead by global analysis of ITC data, as E ce82%a

described in Materials and Methods. The integrated data for Ficure 4: Thermodynamic comparison of the variant proteins. (A)
the various experiments anG98D are displayed in Figure  Alterations in conformational stabilityAAGeon. (B) Alterations
6, the solid lines through the data points indicating the best in apparent total standard free energy foChinding, AAGca

) - (C) Alterations in the enthalpic contribution to the ZCdinding
least-squares fit to the composite data set. Corresponding, e energyAAHc. (D) Alterations in the entropic contribution

data foro. S55D/E59D have been published elsewhé.( to the C&*-binding free energy;- TAAS:.. To facilitate compari-
The C&*-binding constants fonE59D ando. G98E were son, the correspondingandg variants are displayed side by side.

also estimated by global analysis of ITC data, employing a

smaller number of experiments. The integrated data and besfor each protein in Table 2. The changes in the overall

NLLS fits are displayed in panels A and B of Figure 7, thermodynamic parameters fordinding AAGc, AAHc,

respectively. and—TAAS:), relative to the wild-type proteins, are plotted
Macroscopic stepwise binding constants and estimates ofin panels B-D of Figure 4. G98D has a similar impact on

the corresponding overall free energy changes are tabulatedverall C&" affinity in o and 5. In the a isoform, the
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2.0 increase in the Ca affinity of rat 5 (17, 35). By contrast,

the data presented here reveal that replacement of Glu-59
by aspartate dramatically reduces theé ‘Catfinity of rat .

K1 andK; decrease by factors of 2.1 and 7.9, respectively,

to 1.2x 1 and 7.8x 10° M1,

Ca?*-binding enthalpiesfor each protein have been
measured by ITC. The analyseswE59D, a. S55D/E59D,
o. G98D, andx. G98E were discussed in the previous section.
Figure 8 presents raw and integrated heat dataxf855D
(panels A and B) and G98E (panels C and D). TheAHc,
values resulting from all of these mutations are compared
for a andg in Figure 4C. Ina, G98E produces the largest
change in binding enthalpyAAHca = —11.3 kcal/mol),
followed by S55D/E59D AAHc, = —3.6 kcal/mol), S55D
(AAHca= —3.1 kcal/mol), and G98DAAHc,= —1.6 kcal/

16

1.2

2+

0.8

0.4

20F 7T

1.6

Equivalents of bound Ca

1.2

0.8

04 , . , , mol). This order parallels that observed far
10° 107 10° 10° Mg?" Affinities. The global ITC analyses af G98D and
[Ca”1 (M) o S55D/E59D also yielded estimates of the Mdinding

FiGURe 5: *5C&* flow-dialysis measurements. (A) Binding data parameters, listed in Table 3. The combined S55D/E59D
for o S55D @), o S55D/E59G ©), a D94S/G98D M), and o mutations substantially increase the Mgaffinity of the
D94S/GI8E £). (B) Data fors GOSE @). mutated site. Whereas wild-type displays apparent mac-
roscopic M@"-binding constants of 1.& 10* and 4.3 x

1 M~1at5°C, o S55D/E59D exhibits corresponding values
of 2.7 x 1¢° and 1.9x 10* M~1. By contrast, the G98D
mutation has a smaller, mixed impact onMg?" affinity.

The first macroscopic constant increases by 72%, t0x3.1

o . . 10* M™% the second is reduced by 23%, to %310° M.
The G98E mutation likewise has similar consequencesin™ =~ '’ ) i 7 ,
o and, producing a significant increase i and a minor Slte—lntercomer3|on Varlar]ts.Thg ligand arrays in the
decrease if.. In a, K, increases by a factor of 1.8, to 4.4 Parvalbumin CD and EF sites differ at thez and —x

mutation raise¥; by a factor of 4.6, from 2.6< 10°to 1.2
x 10° ML, K; is increased by 20%, from 6.4 10" to 7.7
x 10 M~ In B, Ky increases by a factor of 10, from 2:4
10"to 2.5x 10® M1, andK; decreases slightly, from 14
10°to 1.2x 1P ML,

« 10° M1, andK, decreases by 15%, to 5:310° ML, In positions: serine and glutamate/aspartate in the CD site and
B, Ks incre,ases by a factor of 2.5, to é>9107 M-1 andK, aspartate and glycine in the EF site. Thus, if Ser-55 and Glu-
decreases by 21%, to 1:4 10° ML ’ 59 are simultaneously replaced in ratby aspartate and

glycine (yieldinga S55D/E59G), the CD site acquires an

The impact of the S55D mutation on the wild-type protein
'mp utat wild-ype proteins EF-like array. Conversely, if Asp-94 and Gly-98 are replaced

is isoform-dependent. Whereas S55D improves the overall . o
standard free energy change for?Cainding in § by 1.7 by serine and glutamate (yielding D94S/G98E), the EF

kcal/mol,o S55D exhibits a minor decrease inCaffinity site acquires a CD-like array. The thermodynamic conse-
(AAG = 0.2 kcal/mol).K; andK, are reduced in the latter guences of these interconversions are examined in the

by 16% and 19%, respectively, to 24 1F and 5.0x 107 following paragraphs. In ra, residue 59 is aspartate rather
M-1. Recall that residue 59 occupies tha ligand position ~ than glutamate. Thus, for completeness, ¢hB94S/G98D

in the CD site. Whereas Glu-59 directly coordinates the 2nd8 D94S/G98E variants were also produced and charac-

bound C&" in o, Asp-59 coordinates indirectly i, viaan  terized.
intervening water molecule. Reasoning that this difference Intrinsic Stability. DSC data are presented in Figure 3B
might underlie the disparate influence of the S55D mutation for a. S55D/E59G ©), a. D94S/G98D [), and o D94S/
in o and B, the a. S55D/E59D variant was prepared. The G98E (), together with corresponding data for wild-type
combined mutations should produce a coordination spherec (®). Data for the corresponding proteins are displayed
in theo. CD site identical to that iff S55D. Consistent with ~ in Figure 3D. The combined S55D and E59G mutations
that expectationp. S55D/E59D likewise exhibits a large lower the transition temperature of thesoform by 4.2 deg,
increase in CH. The apparent macroscopic association from 45.8 to 41.6°C. The combined D94S and G98D
constants for G4 increase by factors of 7.3 and 3.9, relative mutations raise th& by 5.4 deg, to 51.2C. These changes
to wild-type a, to 1.9 x 1° and 2.5x 108 M1 (31). parallel those seen with thgisoforms @7). In contrast to
|nteresting|y’ Comparison af S55D/E59D andx. E59D D94S/G98D, the combined D94S and G98E mutations have
reveals that the S55D mutation has a greater impact 8h Ca @ destabilizing effect, reducing thi, of o by 3.3 deg to
aff|n|ty in athan |nﬁ When Ser-55 is rep|aced by aspartate 42.5°C. ThEﬂ D94S/G98E variant likewise exhibits reduced
in a E59D, K; and K, increase by factors of 16 and 32, stability, with aTp (52.4°C) 1.2 deg lower than wild-type
respectively. The same mutation in gaincrease¥(; and B-
K by factors of 2.2 and 7.8. As described above, eq 4 can be used to estimate the
The C&'-binding behavior of. E59D merits comment.  change in conformational free energy resulting from the shift
Although the sequence difference at residue 59, aspartaten T.. The alterations resulting from the various mutations
vs glutamate, was initially heralded as the explanation for are depicted graphically in Figure 4A. WhereasS55D/
the attenuated Ca affinity of rat 8 (34), replacement of  E59G andx D94S/G98E are destabilized by 0.8 and 0.6 kcal/
Asp-59 by glutamate (D59E) produces a very modest mol, respectivelyp D94S/G98D is stabilized by 1.1 kcal/
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Ficure 6: Global ITC analysis oét G98D divalent ion-binding properties. Integrated data, together with the best NLLS fits, are displayed
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o G98D (0); 4.1 mM Mg?* vs 60uM a G98D (a); 2.0 mM Mg?* vs 60uM a. G98D, 0.12 mM EDTA ¢). (C) 1.0 mM C&* vs 57uM
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1.0 mM C&* vs 53uM o G98D, 10.3 mM Mg* (v); 1.0 mM C&* vs 46uM a G98D, 20.6 mM Mg" (). (D) 2.0 mM C&" vs 59uM

o G98D, 0.12 mM EDTA Q); 2.0 mM C&* vs 59uM o G98D, 0.12 mM EGTA D).
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Ficure 7: Determination of C& affinities of o E59D ando. G98E by ITC. (A) E59D. Integrated data, together with the best least-squares
fits, are displayed in the upper panel; scaled residuals are displayed in the lower panel. Key: 0.5¢'mM 8&uM o E59D ©); 1.0

mM C&* vs 60uM o E59D @); 1.0 mM C&*" vs 60uM o E59D, 10 mM citrate 4). (B) G98E. Integrated data with optimal fits are
presented in the upper panel and scaled residuals in the lower. Key: 1.0 AiM<49uM o GI98E ©); 1.0 mM C&* vs 49uM o G98E,
60uM EDTA (O); 1.0 mM C&* vs 48uM o G98E, 60uM EGTA (2); 1.0 mM C&* vs 48uM a G98E, 60uM EGTA (a); 1.0 mM C&*

vs 48uM a G98E, 1.0 mM NTA @).

mol. The corresponding changes for fhproteins are-0.5, K; essentially unchanged but redu€e from 6.2 x 107 to
—0.3, and 0.3 kcal/mol. 2.9 x 10" M4, resulting in aAAGc, value of 0.5 kcal/mol.
Ca" Affinity. Binding data are presented in Figure 5A By contrast, the combined D94S/G98D mutations red(ce
for a S55D/E59G ©), oo D94S/G98D M), and a. D94S/ from 2.5 x 1® to 9.7 x 10’ M~* and lowerK, by more
G98E (1), the solid lines indicating the best least-squares than 2 orders of magnitude to 44 10° M™%, a 3.5 kcal/
fit to the data. The combined S55D/E59G mutations leave mol decrease in overall affinity. The D94S/G98E variant
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FiIGURE 8: ITC analyses of Cd binding by selectr- and3-PV variants. (A, B) Raw and integrated data, respectively, for the titration of
130uM o S55D with 2.5 mM C&'. (C, D) Corresponding data for the titration of 300 5 G98E with 7.5 mM C&". (E, F) Data for the
titration of 180uM o S55D/E59G with 5.95 mM C4. (G, H) Titration of 200uM a. D94S/G98D with 4.0 mM CH. (1, J) 2.0 mM C&"

vs 64uM a D94S/G98E.

exhibits a comparable reduction in Taaffinity, with uncharacteristically, the magnitudes of th&aH and—TAAS
macroscopic binding constants of 5510” and 4.7x 10° terms are larger fof S55D/D59G angb D94S/G98E than
ML for the corresponding variants.

The 5 D94S/G98E variant was not included in the earlier
study of thef site-interconversion variant2T). Like o DISCUSSION
D94S/G98E, it produces a substantial decrease it Ca . . . .
affinity, reducingKi: andKj from 2.4 x 107 and 1.4x 10° Rat-PV displays unusually low divalent ion affinity. In
M-1to 1.1x 10° and 3.1x 10F M1, respectively (Figure Hepes-buffered !\lapl, gt pH 7.4, the overall standard free
S1, Supporting Information). Th&AG; value of 2.7 kcall energy for C&" binding is 3.6 kcal/mol less favorable than

mol is significantly larger than that measured foD94s/ ~ that of rata. In Hepes-puffered KCI, theAAG value
G98D (1.9 keal/mol). increases to 5.2 kcal/mol. Several years ago, we examined

the consequences of (1) introducing an additional carboxylate

interconversion variants by ITC. Raw and integrated data !igand into 'the C[.) and EF site ligand arrays and (2)
are presented in Figure 8 for S55D/E59G (panels E and interconverting the ligand arrays from the two sites. Although
F), o D94S/G98D (panels G and H), and D94S/GISE the results were interesting, there was concern that they might
(panels | and J). The apparent enthalpy values obtained b)})e |d|.osyncrat|c for .the mammqlla@ isoform. Thus, 1o .
NLLS analysis are listed in Table 2. As shown in Figure 4, ©xamine the generality of these findings, the corresponding
the changes in free energy of Cadinding for these variants mutations hhave now been char]:a\cterlzed n Ithau&ilack— |
all include opposing enthalpy and entropy contributions. The 9round. The two systems are found to yield qualitatively
magnitude of this enthalpyentropy compensation is sig- S|mll_qr results. As illustrated by Flg_u_re 4, the changes in
nificantly larger for the 94/98 variants than for the 55/59G stability (AA.GC".’”) and overall C# affinity (AAGc,) are of
variants. The 94/98 variants have a major impaci\éhand, the same sign In bqth systems. However, the magnitude of
in particular, theAH associated with the second equivalent h€ alteration is typically larger for the rat system. _
of C&*. Whereas both CGa-binding events are exothermic ~ Besides confirming the generality of the behavior previ-
in wild-type rata, binding of the second equivalent of &a  ously observed with raf, these studies furnish some insight
is endothermic in bottw D94S/G98D andy D94S/GOSE. into the relative contributions of local and remote structural
In 8 D94S/G98D, both CGA4-binding events are exothermic ~ determinants on EF-hand divalent ion affinity. It is apparent
(27), with AH; andAH, values of—2.8 and—0.8 kcal/mol, that the surrounding protein architecture can strongly influ-
respectively. However, the ITC thermogram f6rD94S/ ence the properties of a particular EF-hand ligand constel-
G98E, like those obtained far D94S/G98D andx D94S/ lation. The discussion begins with an interesting example.
G98E, has an exothermic component and an endothermic Impact of the E59D Mutation in Rat. The —x residue in
component (Figure S1, Supporting Information). Somewhat the parvalbumin CD binding loop is a nearly invariant

Ca&**-binding enthalpieswere determined for the site-
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glutamate, and the glutamyl carboxylate directly coordinates accounts for the 1.6 kcal/mol discrepancy between the
the bound C# ion (Figure 2B). In the rai3 CD site, predicted and observed impact®D59E on C&" affinity.
however, glutamate is replaced by aspartate. The aspartyl The explanation for the increased stability oPGéree

side chain cannot directly coordinate the bound ion. Instead, psgE is not obvious and is probably multifactorial. Conceiv-
a water molecule serves as the proximal ligand, bridging the aply, the longer side chain may permit a stabilizing interac-
bound ion and the aspartyl carboxylate (Figure 2A). The tion between the carboxylate and an adjacent basic group in

attenuated Cd affinity of the 5 CD site was originally
attributed to this difference in coordinatiol34). Subse-
quently, however, replacement of Asp-59 by glutamate
(D59E) was shown to have a modest impact on the metal
ion-binding properties of rad, increasing the CD site binding
constant by just 20%, as judged B¢ &" flow dialysis (17,

35).

Interestingly, the converse mutationan replacement of
Glu-59 by aspartate, lowers the overall’Caffinity by 1.7
kcal/mol. Converting the macroscopic constants to micro-
scopic, or site-specific, constants, using eq 3, yiéidand
ko values of 1.1x 10® and 8.4x 10 M1, respectively. By
contrast, the two sites in wild-type, indistinguishable in
Ca&"-binding assays, exhibit an average microscopi¢ Ca
binding constant of 1. 10 Mt in Hepes-buffered saline
(31, 32). Thus, the impact of the E59D mutation is largely
confined to just one of the sites, presumably the CD site,
lowering its apparent binding affinity by a factor of 14. This
result, one of the more significant of this study, demonstrates
that parvalbumin divalent ion affinity is coordinately influ-
enced by the metal ion ligands and by the surrounding protein
architecture. In the present case, although the identity of the
—x ligand in the CD site is a potentially important determi-
nant of C&" affinity, structural features in ra& outside of
the 5 CD binding pocket can evidently suppress its impact.

Mutations can modify theAG®' for Ca* binding by
preferentially stabilizing the Ca-bound state of the protein
and/or by preferentially destabilizing the apoprotein. The
Cat-freea E59D variant displays increased conformational
stability. The mutation raises thi, by 4.0 deg, correspond-
ing to aAAG.. 0f 0.8 kcal/mol, according to eq 4. Thus,
roughly half of the AAGc, value (1.7 kcal/mol) reflects
stabilization of the unliganded state.

The remainder of thé\AGc, is presumably attributable
to destabilization of the bound state. WhereagtGaust
completely shed its hydration shell in order to bind to the
wild-type oo CD site, it will retain a water molecule when
bound in the CD site ofr E59D. Retention of this water
molecule should carry an entropic penalty. Assuming that
the change in translational/rotational entropy accompanying
immobilization of a water molecule is on the order-65
cal molt K= (36, 37), the associated free energy penalty
at 298 K would approach 1.5 kcal/mol. This value exceeds
the additional 0.9 kcal/mol required to account foAGc,.
The difference could reflect the replacement of glutamate
by aspartate, which would lower the conformational entropy
penalty resulting from immobilization of thex side chain.

The nonreciprocal behavior of the E59D andf D59E
mutations is intriguing. WhereasE59D lowers affinity by
1.7 kcal/mol,3 D59E raises affinity by just 0.1 kcal/mol.
Given thata. E59D stabilizes the Ca-free protein by 0.8
kcal/mol, one would predict that theD59E mutation would
destabilize the protein by a comparable amount. Unexpect-
edly, 3 D59E actually stabilizes the €afree protein by 0.3
kcal/mol. This apparent discrepancy of 1.1 kcal/mol largely

the apoprotein, or the longer side chain may reduce elec-
trostatic repulsion with neighboring anionic moieties in the
Ca*-free state. Because the environment of residue 59 differs
in a and 3, the concept of isoform-specific electrostatic
interactions appears reasonable.

Alternatively, the increased stability BfD59E may reflect
increased affinity for solvent cations. Ndevels strongly
influence the intrinsic conformational stability of ratand
p isoforms B8). The stabilization, the extent of which is
isoform-dependent, results from binding of the monovalent
ion to vacant EF-hand motifs32, 38). If the D59E
substitution ing heightened the interaction with Nathe
Tm of the C&*-free protein should increase. Moreover, the
concomitant increase in competition by Neould largely
nullify the anticipated entropic gain resulting from liberation
of bound water from the coordination sphere. Clearly, further
investigation will be required to resolve this issue.

Several other investigators have examinee-b substi-
tutions at the—x position in EF-hand systems. Franchini et
al. (39 ascertained the consequences of the—ED
substitution at the-x position of a 33-residue peptide model
of the carp parvalbumin CD site. They observed that
replacement of glutamate by aspartate yields a 2-fold increase
in Ca* affinity. Drake et al. 40) examined the impact of
—X residue identity on the quasi-EF-hand motif in tBe
coli galactose-binding protein. They found that the*Ca
affinity of Q142E Ky = 500«M) was much lower than that
of Q142D Ky = 23 &+ 2 uM), corresponding to AAGc, of
—1.8 kcal/mol for the E142D mutation. These findings
contrast strikingly with our results for the E59D mutation,
for which substitution of aspartate for glutamate causes a
pronounced decrease in affinitAAGc, = 1.7 kcal/mol).

Blumenschein and Reinachl) have examined a collec-
tion of mutations at the liganding positions of site 1 in myosin
regulatory light chain (RLC). When thez residue (normally
aspartate) is serine anez (normally aspartate) is glutamate,
as in parvalbumin, then replacement of glutamate by aspartate
at —x decreases Ca affinity by a factor of 2.5 AAGc, =
+0.54 kcal/mol). This result agrees qualitatively with our
data fora. E59D, although the magnitude of the decrease is
substantially smaller. It should be noted that, because the
+y residue is asparagine, rather than aspartate, in that system,
the RLC variants do not perfectly mimic the parvalbumin
CD site. The idiosyncratic impact seen for<® E substitu-
tions in different systems emphasizes the significance of the
surrounding protein architecture.

Comparison of thex- and 5-Pentacarboxylate Variants.
Structure-affinity studies on EF-hand peptide models have
indicated that C& affinity should be maximized in binding
sites harboring four carboxylate ligands, aligned on-tixe
—x and +z, —z axes R1-24). Introduction of a fifth
carboxylate, in these systems, was shown to reduce metal
ion affinity, presumably due to increased interligand repul-
sion 25). Thus, it was interesting to learn that tGeS55D
and G98D variants, which harbor five-carboxylate ligand
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arrays in the CD and EF sites, respectively, exhibit height- increased by factors of 10 and 8.5, respectively, relative to
ened C&" affinity (26). To probe the generality of these the D5S/D12E variant. Except for the replacement of
findings, these pentacarboxylate mutations have now beenaspartate by asparagine-ay alluded to earlier, the ligation
examined in the rat. background. in RLC D12E mimics that ip S55D, and RLC D5S/D12E
The  S55D mutation, thex S55D/E59D mutation, and ~ mimics the wild-types CD site. Thus, the results obtained
the o and § G98D mutations all produce ligand arrays in the RLC system are consistent with the findings inaat
consisting of four aspartyl side chainkx, +y, +z and—x), andg.
a main-chain carbonyl—y), and a glutamate—z). The Although mutations producing pentacarboxylate arrays
arrangement of liganding residues in these variants, in thesignificantly increase Ca affinity, the enthalpic and entropic
N- to C-terminal direction, is D-D-D-(CO)-D-E, a constel- contributions differ between the CD and EF sites and
lation herein denoted 4DE. betweeno. andp. As shown in panels C and D of Figure 6,
Interestingly, the 4DE array does not occur naturally. the enthalpic gains that accompany the CD loop mutations
Presumabily, the binding properties (affinity, specificity, and (o S55D/E59D andf S55D) are larger than those ac-
kinetics) of this ligand arrangement are physiologically companying the G98D mutations in the EF site. The
inappropriate. The CD site in cqetparvalbumin, in which enthalpic improvement iie S55D/E59D, but nof S55D,
the +z serine is replaced by glutamate, appears to be theis offset somewhat by a compensatory entropic change.
closest analogue. Although &€abinding constants for that  Although o and 3 G98D variants display similar increases
protein have not been reported, spectroscopic studies indicatén Ca* affinity, they differ in the thermodynamic details.
that one of the two sites, presumably the CD site, is a low- The more favorabl&AAGc,for o G98D reflects an enthalpic
affinity site (42). gain and includes a compensatory entropic contribution. By
Theo S55D andx ands G98E mutations produce a ligand  contrast, theAAHc, measured foff G98D is negligible, and
constellation consisting of three aspartyl side chaihg, ( the negativeAAGc, is entirely entropic.
+y, +2), a backbone carbonyHy), and two glutamyl side All of the mutations that yield a 4DE array significantly
chains (-x, —2). Thus, the arrangement of ligands, from N- destabilize the Ca-free protein. TheT,, shift is larger for
to C-terminal, is D-D-D-(CO)-E-E, herein designated 3D2E. the mutations involving the CD site-8.5° for a S55D/
Behavior of the 4DE ArraysAs mentioned earlier, the E59D, —4.3 for 5 S55D) than for those involving the EF
E59D variant has a CD ligand array identical to that in rat site (—2.6° for o G98D,—1.8° for § G98D). This difference
B. When Ser-55 is replaced by aspartateainE59D, to may reflect the difference in placement of the two binding
produceo. S55D/E59D, the Caaffinity is markedly im- loops. Positioned near the C-terminus, the EF site can
proved. K; and K; increase by factors of 16 and 32, presumably undergo minor conformational rearrangements,
respectively, yielding an overaNAGc, value of—3.7 kcal/ to reduce electrostatic repulsion, without involving the
mol. remainder of the molecule. By contrast, conformational
Relative to wild-typea, K; andK; in oo S55D/E59D are  changes in the CD site, located in the middle of the sequence,
increased by factors of 7.3 and 3.9, respectively, fANGc, will require compensatory movements in the adjacent protein
of —2.0 kcal/mol. The corresponding Mfgconstants are  structure.

increased by factors of 15 and 4 AAGyg of —2.5 kcal/ The larger AT, values are consistent with the more

mol). negativeAAHc, changes observed for the mutations in the
Replacement of Gly-98 by aspartate, to prododg98D, CD binding loop. The lower melting temperatures suggest

also raises C4 affinity, albeit to a lesser exteri; andK; that the proteins may be less tightly folded in the apo form,

increase by factors of 4.6 and 1.2, respectivAl}AGc, value so that C&" binding produces a greater increase in van der
of —1.0 kcal/mol). The M§" binding constants exhibit Waals contacts and consequently greater exothermicity.

relatively smaller change&y increases by approximately As noted above, mutations can alter the free energy change
75%, butK,v decreases by roughly 20%, for/AGyg of for Ca* binding by preferentially stabilizing the €abound
—0.2 kcal/mol. state of the protein or preferentially destabilizing thé'Ca

These results are qualitatively similar to those obtained free state. The previous analysis #fS55D andf G98D
previously with ratf (26). In that system, the S55D and (26) suggested that destabilization of the apo form contributes

G98D mutations were found to improve overalPCaffinity significantly to the increase in divalent ion affinity observed
by 1.7 and 1.3 kcal/mol, respectively, and wher8&355D for these proteins. The data obtainedc®$55D/E59D and
heightened overall My affinity by 3.2 kcal/mol, G98D o G98D reinforce this conclusion. For example, the overall

yielded aAAGyq of just —0.2 kcal/mol. The much smaller AG® for C&" binding is 2.0 kcal/mol more favorable for
impact of the G98D mutation on Mg affinity was also S55D/E59D than for wild-typer. As the data in Table 1
apparent in DSC studies on tflevariants in the presence of  suggest, approximately 1.7 kcal/mol of that quantity results
20 mM Mg?". Whereas S55D raised thi, by 10.5 deg, from destabilization of the Ca-free protein. TheAG®' for
G98D raised it by a mere 0.5 deg. C&" binding is 3.7 kcal/mol more favorable, relative o
It would appear, then, that mutations producing the 4DE E59D, approximately 3.0 kcal/mol of which is attributable

array exert a greater impact in the CD site, elevating both to the reduced stability of the €afree protein. The
Ca&" and Mg affinities. The same mutations in the EF site suggestion that 70% or more of teAGc, value reflects

afford a smaller increase in €aaffinity and leave Mg" energetic alterations in the apoprotein serves as a reminder

affinity essentially unchanged. that unliganded and liganded forms can both influence
In their investigation of mutations within myosin RLC site  binding equilibria.

I, Blumenshein and Reinacll) observed that the C& Roughly 0.3 kcal/mol of the 2.0 kcal/mol increase irfCa

and Mgt-binding constants for the D12E variant are affinity for oo S55D/E59D, relative to wild-type, can be
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attributed to increased stability of the bound protein. Recently AAGeoni = —0.6 kcal/mol foro; ATy, of —1.2° and AAGeon

acquired structural data far S55D/E59D reveals that the
Asp-59 carboxylate does not participate irfCeoordination
(Y.-H. Lee, J. D. Larson, M. T. Henzl, and J. J. Tanner,
unpublished data). Instead, it has rotated approximately 90
assuming a position well suited for stabilizing the D helix
dipole. This helix-capping interaction may underlie the
apparent increase in the stability of the?Ghound protein.

Behavior of the 3D2E Array. Three of the variants
described here possess a 3D2E ligand constellationo. the
S55D variant and thex and f G98E variants.o. S55D
produces a slight reduction in bokh andKp, to 2.1 x 10°
and 5.0x 10" M1, respectively AAGc, = 0.2 kcal/mol).
On the other handy G98E yields values oK; andK; of
4.4 x 10°and 5.3x 10" M1, a slight improvement in overall
Ca" affinity (AAGca = —0.2 kcal/mol). Thep variant
exhibits a comparable alteration.

As in the 4DE variants, the 3D2E variants strongly
destabilize the Ca-free protein. Ina, the S55D and G98E
mutations lower the conformational stability by 2.2 and 2.7
kcal/mol, respectively. Unlike their 4DE counterparts, how-

= —0.3 kcal/mol forf). The disparate impact on stability
suggests that the longer glutamyl side chair-atin D94S/
G98E increases repulsion in the apoprotein. Interestingly,
however, despite the 1.7 kcal/mol difference in conforma-
tional stability,o. D94S/G98D andx D94S/G98E differ in
total binding free energy by just a mere 0.3 kcal/mol. This
disparity suggests that the electrostatic cost attendant to the
replacement of Asp-98 with glutamate may be offset by the
more complete dehydration of the bound?CaAs noted
earlier, the entropic benefit associated with the release of a
bound water molecule could be on the order of 1.5 kcal/
mol.

Whereasy D94S/G98D andi D94S/G98E differ by only
0.3 kcal/mol in C&" affinity, the corresponding variants
differ by 0.8 kcal/mol, one of the few examples in this study
of a largerAAG value for thes system. Although the reason
for the larger difference in affinity is not understood, we
note thatf D94S/G98D and3 D94S/G98E also exhibit
distinct enthalpic signatures for &€abinding. The titrations
of botha variants display an initial exothermic binding event,

ever, destabilization of the apoprotein does not produce largefollowed by an endothermic component (Figure 10, panels

increases in divalent ion affinity. Presumably, ther§55D

H and I). However, only the D94S/G98E variant shows this

and theo. and 8 G98E mutations cause comparable desta- behavior in. Both C&"-binding events in5 D94S/G98D

bilization of the C&"-bound form of the protein as well.

are exothermic. In consequence, wher@&/98D exhibits

Structural analysis of a representative variant, currently in a AAHc, value of 4.0 kcal/mol, the corresponding value for

progress, may furnish insight into this issue.

Comparison of thet and g Site-Intercomersion Variants.
These variants were originally prepared in fato assess
the relative importance of ligand identity and context on the
performance of the CD and EF ligand arrag3)( As with

B 94/98E is 6.6 kcal/mol.

Clearly, the CD site ligand array undergoes a marked
reduction in C&" affinity when placed in the context of the
EF site. This finding might indicate that the CD ligand array
has intrinsically lower affinity for C& than the EF array or

the pentacarboxylate variants, the corresponding mutationsthat the CD site ligand geometry may not be well suited to

have been prepared and characterized in dhesoform

the EF site environment, proximal to the C-terminus.

background, to assess the generality of the earlier findings.Alternatively, the parvalbumin fold may not be able to

The results of the site-interconversion studies in the two
isoforms are consistent. Wild-type parvalbumin EF sites
exhibit a high-affinity phenotype. However, when the EF
site ligand array is imported into the CD binding loop, the
array exhibits behavior qualitatively similar to that of the
wild-type CD site. Whereas it acquires a low-affinity
signature in the§ isoform (3 S55D/D59G), in thex isoform
(o S55D/E59G), it remains a high-affinity site. These results
attest to the strong influence of the overall environment of
the CD site as a determinant of ion-binding affinity,
superseding the intrinsic ion-binding behavior of a particular
array. Moreover, they provide additional evidence that the
anomalously low affinity of the mammaligh CD site is a
consequence of higher order structural considerations.

By contrast, when the CD site ligand array, a low-affinity
array in and a high-affinity array iro, is imported into
the EF binding loop, it exhibits a low-affinity signature. This
result is likewise obtained when tleeligand array is placed
in the 8 EF binding loop g D94S/G98E) and, conversely,
when theg ligand array is placed in the EF loop @ D94S/
G98D).

Although the D94S/G98D and D94S/G98E variants exhibit
uniformly low affinity for Ca*, they differ in their impact
on apoprotein stability. The combined D94S and G98D
mutations stabilize the Cafree protein AT, = 5.4° and
AAGcons = 1.1 kcal/mol fora; ATy = 1.4° and AAGeons =
0.3 kcal/mol forp). By contrast, the combined D94S and
G98E mutations destabilize the proteinTi, of —3.3° and

accommodate the juxtaposition of two CD ligand arrays. The
CD and EF binding loops are joined by a short segment of
antiparallels structure, which allows for cooperative interac-
tions between the two sites. The presence of the CD-like
ligand array in the EF binding loop may subtly alter the path
of the peptide chain, weakening the hydrogen bonds in the
B segment. Although typical parvalbumin CD and EF sites
behave equivalently in divalent ion-binding assays, there is
a strongly positive interaction between thed2)( Perturba-
tion of the3-structure linking the two sites could reduce the
degree of cooperativity, causing a marked reduction in the
affinity of the weaker site. High-resolution structural data
for one of these variants might clarify this issue.

CONCLUDING REMARKS

We have examined the behavior of the pentacarboxylate
and site-interconversion variants in two very different
parvalbumin backgrounds. The pentacarboxylate ligand array
places aspartyl residues-ak, +y, +z, and—x. This ligand
constellation exhibits similar behavior in ratand/5. When
the mutations are made in the CD site (to produce either
S55D/E59D orfs S55D), Ca&t and Mgt affinity both
increase substantially. When the mutations are made in the
EF site (to produce eithem or f G98D), the impact on
overall C&" affinity is somewhat smaller, although still
significant, and overall Mg affinity is little changed. In
all four variants, the increase in divalent ion affinity results
primarily from destabilization of the apoprotein.
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The parvalbumin EF site exhibits a high-affinity phenotype
in both o and 5. However, when placed in the context of
the CD site, its behavior is isoform-dependent. Inserted into
the high-affinity oo CD site, it exhibits a high-affinity
signature; inserted into the low-affinify CD site, it exhibits

a low-affinity signature. This finding suggests that the

environment of the CD site exerts a strong influence on the
divalent ion-binding properties of the resident ligand array. 10
By contrast, when the CD site ligand array, from either
or 3, is placed in the context of the EF site, in eitleor £,
Cat affinity drops precipitously. The physical basis for the
reduction in affinity is presently uncertain. Optimal perfor-

mance of this ligand array may conceivably require the more 12.

rigid CD site scaffold. Alternatively, the presence of two
CD site ligand constellations may not be entirely compatible

with the parvalbumin tertiary structure. 13.

With few exceptions, the mutations described here produce
qualitatively similar perturbations in both rat and . In
general, however, the absolute magnitudes of the changes

are larger in thea background. This trend, particularly  14.

evident in the observed T, and AAG¢.ns values, suggests

that the structure af may be more malleable, or less rigid,

than that off3. 15
Above all, these data reinforce the idea that context

strongly influences the performance of a given EF-hand

ligand array. Although the pentacarboxylate arrays exhibit ;¢

reduced divalent ion affinity in model peptide systems, they

show heightened affinity in the context of a fully folded 17.

parvalbumin molecule. The wild-type EF site ligand array
behaves as either a high- or a low-affinity site, depending

upon whether it is placed in the context of theor § CD 18.

site, respectively. Regardless of its behavior in the wild-type
CD site, the CD array adopts a low-affinity signature when
placed in the context of the EF binding loop. Finally, the
identity of the—x residue, whether aspartate or glutamate,

has little influence on the Ca affinity of the rat3 CD site. 20.

However, replacement of thex glutamate by aspartate has
a major impact on the CGa affinity of rat a.. Evidently, the

functional characteristics of a particular array can be strongly 21.

modulated by the surrounding protein environment.

SUPPORTING INFORMATION AVAILABLE

Figure S1 presents raw and integrated ITC data for the
titration of S D94S/G98E with C&. This material is
available free of charge via the Internet at http://pubs.acs.org.
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